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A study was conducted to develop a speaker verification system for use over
a degraded channel such as a telephone line. A test of the current speaker
verification technology was performed on a set of data which had been processed
through the RADC Digital Communications Experiment Facility (DICEF) to simulate
a telephone channel. The simulated channel introduced an amplitude distortion ,
phase delay , and noise onto the analog data set. The noise did not present
any particular problem other than to raise the spectral errors of both the true —-~~~# . /

DD ~~~~~~~~ 1473 ED I’~I ON OF I NOV c5 IS O B S O L E T E  UNC LASSTFIED
S E C U R I T Y  C L A S S ~~~ C A~HO I ‘- r THIS P A G E  (143,.,, flaps Entpn.d~

— / ,
1 

~ 
fl •,

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



I
UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (Wban Data Ents,.d)

speakers and the impostors , and the phase delay was also not a factor. The
amplitude distortion was found to cause problems with time registration of the
phrases and to result in an overall loss of information for speaker discrimina-
tion. To compensate the speaker verification system for these problems, a
band—limited spectrum corresponding to the average band—pass characteristic
of a telephone line was used for time registration , and the channel resistant
pitch—period was added as an additional attribute for speaker discrimination.
A limited experiment consisting of 16 speakers was conducted using the con—
pensated speaker verification system. The results of the limited experiment
were very encouraging in that a one percent true speaker rejection rate and
a one percent impostor acceptance rate were obtained with a four phrase
strategy . This exceeds the requirements of the Base Installation and Security
System (BISS) of a one percent true speaker rejection rate and a two percent
impostor acceptance rate.
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EVALUATION

A study was conducted to develop a speaker veri f i cation system for use

over degraded communication channels. A test of the current speaker

veri f i cation technology was performed on a degraded chann el and compensation

t€~chniques were then developed , i.e., a band-limited spectrum for time

registration and the addition of the pitch-period error to the spectral

error for speaker discrimination . This configuration was tested with a

limited data set , and the BISS speci f i cations of one percent true speaker

rejection and two percent impostor acceptance were met with a four-phrase

s~r~ tegy employing the spectral error , plus the re lat ive pitch-period

error .

ROBERT A. CURTIS , Capt-u n , USAF
Pro]ect  nI~in (~er’
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S E C T I O N  I

I NTRODUCT ION

This report describes a study that has as its objective the deve l opment

of an automatic speaker verification system that can be used over a deg raded

communication channe l such as a telephone line . A typica l telephone line is

known to introduce band -limiting, phase distortion , and no i se onto the si gna l

being transmitted. The prob l em then is to compensa te the method of speaker

verification to minimize the effects of these distortions on the system.

The method s used in this stud y to compensate for the channe l conditions of a

simulated telephone line resulted in a 99% acceptance rate of true speakers

and a 99% reject i on rate of impostors for a limited—test data Set.

Texas Instruments has conducted research on automatic speaker verifica-

tion for a number of years and has succeeded in moving the technology out of

the laboratory and into a working env i ronment. For example , an automatic

entry control system has been in operation in the Corporate Information Center

at Texas Instruments for the past two years , and a similar system is being

evaluated as part of a base installation and security system (BISS). These

systems are in a relatively noise—free env i ronment and utilize good comun i ca-

tion lines and dynamic microphones. However, there are various mili tary and
comercial applications , such as credit card validation , which requ ire

soeaker verification from a remote l ocation . The obvious solution to this

problem is to use the readil y available Lelephone line for commun i cation . The

purpose then of the current study was to determ i ne the degradation in perfor-

mance resulting from using the telephone line and to develop methods of improv-

ing performance to the point where it was compa rable with the nondegraded

channe l .

For basicall y the same reasons tha t the telep hone line is attractive

as a communication channel , the ready availability and economy of the tele-

phone headset make it attract i ve as a microphone . These advantages must be

wei ghed against the additiona l distortion obtained from the carbon micro-

phone whose characteristics can change accord i ng to the physica l abuse

i nvo l ved . It is not unrealistic to consider replacing the carbon microphone

with a bette r quality microphone. 

__ .~i_~
_ _
~
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The prob l ems of the telephone headset were not addressed to any extent

in this stud y except to perform a very limited test over severa l telephones

with one speaker. The methods of compensation for the degraded channel used

in this stud y were also restricted to techn i ques which would work with the

current speaker verification system .

Section II of this report will describe the current speaker verification

system be i ng used and wil l  describe the time reg istration and verification

procedures. Section III will describe the results of a telep hone survey

conducted by the Bell Telephone Laboratories in which they characterized the

telephone lines with respect to attenuation distortion , delay distortion ,

and the signal—to—noise ratio. Section IV wi l l  describe a prelimina ry eva l ua-

tion of the current speake r verification system on a simulated telep hone

channel. Section V will describe the methods used for compensation in the

speaker verification system when used over a degraded channel. This section

wi l l  also discuss severa l other methods tha t could be used , along with their

advantages and disadvantages . Section VI wil l  describe an experiment con-

ducted to determ i ne the degradation of performance due to the communication

channe l and to determine the performance of the system when compensation

techni ques are used . A simulated telephone line w i l l  be characterized which

was obta i ned by using the RADC—D ICEF facility. Section VII wi l l  g ive the

results of this experiment. Section VIII wil l  summarize the study and offer

recommendations for further stud y.

2
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_ _ _ _  _ _  _ _ _ _ _  _ _ _ _ _ _ _

S E C T I O N  II
SPEECH PROCESS I NG

The speech processin g strategy at Texas Instruments has led an evolu-
tionary life from the first methods used , although they are all based on the
relative spectrum of the speech as a function of time . This section wi l l

describe the processing strategy used durin q this study. A comparison of the

processing used for the BISS speaker verification system with that given here

for the remote termina l study is presented in the appendix.

A. Preprocessing

1. Filter Bank Definition

The spectrum is obta i ned by processing the speech si gnal through

an ana l og filter bank preceded by a hi gh frequency preemphasis network . The
filter bank consists of 16 bandpass filters , each followed by a fullwave

rectifier and a four—pole lowpass Besse l filter with a 3 dB cutoff at 30 Hz .
Each of the 16 filters is samp led 100 times per second . The analog filter

characteristics are g iven in Table 1.

For processing, the top three filters are averaged and filte r 114

replaced by this average. Filters 15 and 16 are set to zero. The resulting

14 filter outputs at each time samp le are represented by the spectrum ampli-

tude vector:

a
~
. a 1 (t~)

a
2J 

a2(t.)

A. = =j

a 14~ a14 (t~)

2. Regression

It has been found that by eliminating the gross aspects of the

spectrum , such as the s lope and cu rva tu re, more clearly defined format

frequencies are obta i ned.~
1 The refore , the spectrum amplitude vector is

3
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TABLE 1. CHARACTERISTICS OF 16—CHANNEL FILTER BANI’1
1

Center Frequency Bandwidth
(Hz) (Hz , at — 6 dB)

350 300

450 300

555 310

670 340

790 380

9140 1400

1120 1400

1320 1400

1550 400

181 0 1+00

2100 1400

2420 1400

2800 1400

3200 400

3800 800

5000 1600

1+

_ _  -~~~~



re g ressed by the first three elements of an orthonorma l basis set:

2
(
~ .) = A . - L c. V
j  R ~ k=0 jk k

where

~ l k

k = O , 1 , 2

lk ,k

=

= — s in [
( I  — l i ~ )~~~

= — cos [
~~ iL +~~~~~~

hT] i = 1 , 2 , . . . , 14

and

14
c. ~~~~~~~~~~~~~~~~ a . fjk l’+ m=l mj mk

3. Normalization

The reg ressed amplitude vector is then normalized by a modif ied
postregression standa rd deviat ion for time t . :

= + 
~ 

max (a
~05~~~

) : n = - 8, . . . , j + 8

where

20pre . = T~\~~~1 mj amj 
- cjO
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1 14 2 2a . a . - c .PO5 t
J ~~“m=l 

mj mj k=O jk

I f  a Ia < R . , then a Ia = R . . The resulting normalizedpost. pre . m m post. pre . nun
ampl itud~ vectt~r is then :

(A i)N = I (AJ) R 
. ¶

The a at time t . is used as the energy measure . The energy (apost J postS
and the coefficients c. and c. are also normalized by a..

i i j2 J

4. Quantization

The regressed and normalized amplitude vector is then quantized to

one of ei ght levels according to a set of quantization thresholds

(a
IJ
)N ~ 

0i q
(aij )Q 

= q 1FF

(a
~J
)
N 

< 
~i ,q+l 

for q = 0, 1 , . . . , 7

where 0i q 
< 
~i ,q+1’ ~~~~~~~ 

= - ~~ and 
~~~ 

= ~~~. The were chosen so that

the probability that (a..)
Q 

= p is 1/8 for all q. The regression coefficients

are quantized in  the same manner as the amplitude vector. A linear quantiza—

tion is used for the energy.

B. Processing

A detailed descri ption of the processing is g iven in the Speaker Verifica-

tion III report ,1 pages 13 and 11+. Briefl y, the processing strategy is to

first accurately time register critical points of the spectrum or points of

greatest spectral change. This is accomp lished by defining scanning patterns

from enrollment data . These scann i ng patterns are scanned across the input

da ta to find an optimum sequence of reg istration points. This can be con-

sidered a zeroeth order time warping to time ali gn various points of the input

and reference data. Recognition patterns are then formatted between two or

more time registration points wh i ch are then used for verification . Thi s is

6
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equ i valent to a first—o rder time warping in tha t it helps account for changes

in the length of words. A description of the scann i ng pattern definition ,

optimal sequence strategy, recognition pattern defi nition and the verification

stra tegy will now be presented .

1. Scanning Pattern Definition

The scanning patterns are formed from the spectra l da ta and are

used to time align the inpu t data with the reference data . The scann i ng

patterns are formed from the scanning spectrum: the scanning pattern formed

at time t. consisting of (a) the average of spectra l data at times ti_ I and
(b) the average of spectral data at times t.÷ 1 and t.~ 2, and (c) the

difference (b) - (a). Fi gure 1 illustra tes the formation of a scanning

pa ttern from the spectral data .

2. Scanning Error Computation

The scanning patterns are used to determ i ne the l ocation of the time

registration points or reference points in the input speech on a phrase basis .

At each time sample a scanning pattern is forma tted from the inpu t speech and

compared with each of the reference scanning patterns for the words in the

phrase. This comparison is done us i ng the squared error between the k’ th

reference scanning pattern and the scanning pattern def i ned at the j’ th time

sample of the inpu t data :

ek. =~~~~X J r
k~~

3. Valley Find i ng

Using the scanning errors as a function of time , an error function

is thus generated for each of the reference scanning patterns. Each function

is mon i tored for dips of sufficient magnitude to be conside red as potential

locations of the corresponding reference points in  the inpu t data . These dips

are called valley points when the ratio of the l oca l maximum (peak) and the

dip is grea ter than or equal to a specified peak—to—valley (PV) ratio , wh i ch
in this case is 1 .3, and the magnitude of the valley point is less than or

7



------ - - - - - - -~~~~~~~~~~- - - - --  - - - -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

>.
o~ E I-
c~~L

—
c u
4~~~G)
O Q .

( “00: 5) (S 5)
( “000 5) (5 5)..
C ,00: 5) (S 5)
C “00: 5) CS 5)
C “00: E (0 5)
( ftOO 5) (0 5)
C “00: s) (0 5)
( “00:, 5) (: 5)
C ,O” ,’ , $)  ( 5)
C , O , , O ”  0) (0 5)
( “ t.) ,$: :)  (0 0)
( “0, 00 “)  (0 5)

to
‘0 ( +0 50 ) C S 0)

—
a) s~~~ + C “0 , 50 ) (S 0)

> m
c C +0, $$ ) CS 0)
a) 

—‘~~
--

~~~~
- ( ++ ,

~ 00””) (0 5)
( + “ , ::+O) C ” 5)4-

9.  C , + ‘ f l )  ( ++) ( +Q :+ ,+ O )  C ,  5)
( +O::,,,O) C :0)
(, “O+: ” , ,O) ( +)
,+O=: ” ,”O) ( +)  c o~t.,“::: “ ,+O) ( ,O) o .—(++:f lç 

~Oç)  ( ‘55)  
_____________________( -i- S ” *-~ u() ) ( ,  0) 4 c c u

L (O L
+ “ 5: ) (+ “) o j u s jsj

4-’ U) 4- ’ E,:O ~~ ) (: , ) C
5) ~- ID 4-’

C ’ +:’ ’O + ’ ) (+

( “ +0 +$+ ) ( ) ~ oo- ’---
(,+0 +5+ ) (0 )
(,“O +5+ ) CO )
+0 +5+ ) CO )‘ ,

4- ( + 0 + 5: ) ( O
o ‘ ( :: +5: ) (0 ,)
a) 1-1 4-J
01(0 ( :0 “50 ) (0 ,)
‘0
‘- (0 — ( +0 “50 ) (5 ,)
G)~~-’ I
> ‘ o  ~

— ( +0 ,SO ) (S “)
4-’

_________ ________ 

(, :O $5 ) (S +)
(, +0 SO ) (S +)

01
C c C ,O 00” ) (S =)

C “0, :: ~~, )  (0  0)
C l-’
to 4.~ ( “0. “ “ + + )  ( .0+)
0 ( 0 (0 :,:O”” ,) ( 5+)

(0 ,O”O : ” ” ” )  ( $+)
(a O”~~~”” , ) C 5+)
CO O” O : ” ” ” )  C 5+)
(0 O”O : ”” ,) ( $+)
( Q , :+O: ”” ,)  ( $:)
(0 + “OO” ,,) C 5:)

* Figure 1 
I Example Scanning Pattern Formation

8 

~~~~~~~~~~~~~ ----—_ _



equal to 200. A peak of (l/PV-ratio) (valley point error) is requ i red

before anothe r valley po int can be found.

4. Reference Point Sequencing

The next step is to pick a valley point from each reference point

in the phrase to fit together a sequence of ei ght reference points for the

phrase. A sequence is determ i ned for all comb i nations of valley points which

satisf y the phrase specific minimum and maximum time distance restr ictions

between each pair of reference points. An error is determ i ned for each

reference point pa ir that is based on the scanning errors , erp , of the

points and the expected time distance between the two points . The point

pair error for reference points k and k + 1 is g iven by:

At - A t
E = (e + e  . )(e ~i- e  . )(l +~~ k k)
w rp

k 
m m rp k+l nun Atk

where e .  = 40, At k is the distance between the points , 
~
tk is the expected

distance between the points , and ~~(= 1) is a pena l ty assi gned for deviations

from the expected distance . These point pair errors are summed for all refer-

ence point pairs to obtain a sequence error for the phrase. This sequence

error is limited by a maximum threshold of 100. The optima l sequence of ei ght

reference points for the ph rase is the combination of valley points with the

n’~~.imum sequence error.

5. Verification Error

To obtain the verification error for a phrase , a recognition

pa t tern is formatted between the time reg istration points of each word in

the phrase. A samp le recognition pattern is illustrated in Fi gure 2 , where

it is shown that the pattern is interpolated be tween the two reterence points ,

wh i ch is in con trast to the BISS ve rificat ion where the scanning error is used

for verification .

The resulting verification patterns are compared with reference

patterns , and a squa red—error sum is obta i ned between the two patterns.

This is called the spectra l error for the word; when the fou r word errors

are added , it becomes the spectra l error for the phrase.

9 
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—161 C 0.., •$, 1( 055) 1564 ~~

i cssø~ I52~ — C 0.””, “5, )
163 C i’”., 00 1 (550) 1080 ~ “‘

“ ‘~~ )
164 C in,.” •o 1(55.) 982 _______I 

~

—c “,+00, $
165 C +“ ‘.. .3 ) ($ S0)  1180
166 C “ , .uD, $ )CS$0) 108’

Reference —9167 C “..O.. 00 )C$S’) 839
Point 2 168 C .000+ , S i($s+) 742

169 C .000+ 0 1 (85”) 559
170 C +0.0” .0 1 (55”) 447

C.,.3171 C .0.c” .0 )($$“) 361
172 C .0..+ .0 )C$$’$) 311
173 C +000” .0 1 (55”) 346

.00. , +0 flWi 356
175 C “000+ .5 1(55’) 388
176 C .000+ “s 1 (550) 495
177 C .000. .0 1 (550) 385
178 C . 1, 10” .0 1(55’) 263
179 C . ‘+O + .0 1 ($$+ )  215
160 C ,o’.O” 0+ )(so.) 140
181 C “ ., +u . ” ,o. ) (Q0 1 116
182 C ,.i..+..” ,.• i C ’ S 1 127
18~5 C ~~~~~~~~~~~~~~~ )C+0 ) 95

Fi gure 2. Example Recognition Pattern Formation
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S E C T I O N  III
TELE PHONE CHANNEL CHARACTERISTICS

Bel l  Telephone Labora tor ies has conducted severa l system-wide trans-

miss i on surveys since 1959, the lates t being a 1969-1970 survey conducted

by D u f f y and Thatcher.2 The survey sepa ra ted the results into three milea ge

categories : short (0 - 180 miles), med i um (180 - 725 m i l e s ) ,  and long

(725 — 2900 miles). Of the transmission characteristics discussed in the

survey ; noise , l oss , attenuation distortion , and envelope delay distortion

are the mos t important to speaker verification . The no i se, attenuation

distort ion , and envelope delay distortion w i l l  be discussed in more detail

in the nex t three sections. The los s can be compensated by using an amp lifier

and should cause no problem to speaker verification processing provided the

response of the ampl i f i e r  is f l a t .  In a se r ies  of t r i a l s  in the labora tory
it was found that the loss was greater over the lines that went through a

“d ial 9” or outside line as opposed to an inside line or Centrex. The leve l

of the si gnal can be compensated by an automatic gain control.

4. Noise

The no i se study was broken into circuit no i se and i mpu l se noise. The

impu l se noise results are g iven in Table 2 and represent the number of no i se

impulses exceeding fou r different voltage levels received when a 2750 Hz

si gna l at —12 dBm is transmitted.

The c i rcu i t  no ise results are g iven graph i call y in Fi gure 3 as the rat io
of rece ived si gna l power to C-notched noise. Note tha t the average s i gna l-

to—noise ratio for all mileage categories is 41 dB . Also , Fi gure 3 shows

tha t less than 1% of all the lines have a si gnal-to—noise ratio less than

20 dB.

B. Attenuation Distortion

Attenuation distortion is a measure of the variatio n in loss caused by

a change in frequency of the transmitted si gnal. The results of the

_____
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Results of Si gnal-to—C—Notched—Noise Ratio
_________________ 

for  Toll  Connec tio s
Connection

Length Mean S.D.
(Airline Miles) (dB) (dB)

A l l  40.6 ± 3. 0 1 1 .8
0-180 42.1 ± 3.8 13.0

180—725 36.5 ± 1.3 5.3
725-2900 35.4 ± 0.9 3.8

100 

— 

Lon 

~~~~di t jm

10 20 30 40 50 60 70 80

Decibels

Fi gure 3~ 3 Cumulat ive D i s t r i b u t i o n  Curves : Si gnal—
to—Notched Noise with C—Message Wei ghting
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attenuation distortion stud y are shown in Table 3 where the mean and standard

deviation are g iven as a function of the transmi tting frequency. The locus

of the mean is p lotted in Fi gure 4. The average attenuation distortion is

less than 3 dB between approx i matel y 500 Hz and 2700 Hz. Beyond these ranges ,

the attenuation distortion increased rap idl y.

C. Envelope Delay Distortion

Envelope delay is the derivative of the phase cha racteristic with

respect to frequency , and the distortion is the envelope delay minus a con-

stant delay term for a particular frequency , in this case the delay at

1700 Hz. The mean and standard deviation of the envelope delay distortion

are g iven in Table 4 for various frequencies. The locus of the means of the

envelope delay distortion is p lotted in Fi gure 5. Again it can be seen that

the distortion increases rap idl y ~ t the l ower and hi gher frequencies . Since

the spectrum is averaged over a 10 ms time period , the phase distortion is

not thought to be especiall y damag ing to the verification procedures.

14 
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SE CT I O N IV

PRELIMINARY EVALUATION

As the basis for evaluation of the effects of a telep hone ch a n n e l  on
the c u r r e n t  speake r ve ri f i c a t ion te c h n o l o g y , a very l i m i ted expe r i ment was

cond ucted . The test data was run throug h the RA DC—D ICEF facility to intro-

duce noise and channe l colora tion typ ica l of a telep hone cha n ne l a nd the

performance was evaluated .

A. Da ta Set

A limited subset of the BISS Mitre analog data base and the BISS Phase I

data set collected at Texas Instruments 3 was used.

Mi tre Data Set

( 1) No. 432 (male) — enrollment; 2 post enrollment sessions; I execu-

t i on  s e s s i o n

(2) No. 5088 (male) — i mpo s t o r  t r i a l

(3) No. 3387 (male) - impostor trial

(4) No. 1368 (male) — impos tor trial

(5) No. 9062 (male) - impos tor trial

(6) No. 3263 (male) — impos tor trial

Phase I Data Set -

(7) Dan Daniel (male) - enro l lment; 4 pos t enrollment sessions ; 4

execution cessions.

B. Simu lated Telephone Lines

The above ana l og data set was processed throug h the RADC-DICEF facility

to introduce noise , a flat line , and a 4A line coloration. The flat line

had a virtuall y flat response. The amplitude distortion of the 4A line or

simulated telephone line is shown in Fi gu re 6. The enve l ope delay distor-

tion is shown in Figure 7. As can be seen by comparing these fi gures with

Fig ures 4 and 5, they simulate the average telephone line reasonabl y well.

18
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The channel cond itions considered for the experiment are :

(1) Ori g ina l tape

(2) 4 kHz l owpass filte r

(3) Flat line ; no noise added

(4) Flat line ; 10 dB S/N

(5) Flat line; 20 dB S/N

(6) F la t  l ine ; 30 dB S/N
(7) 4A line ; no noise added

(8) 4A l ine ; 10 dB S/N
(9) 4A l ine; 20 dB S/N

(10) 4A line ; 30 dB S/N

C. Expe r iment

To evaluate the effect of the degraded channe l conditions on the speaker

verification al gorithm , various channe l conditions were used for enrollment

and then execution . For Type I errors , (rejection of true speaker), speake r

No. 432 and Dan Daniel were used in the following combinations:

Type I

Enrolled with Execution with
Channe l Cond ition Channel Condition

I 1 - 10

2 2

3 I — 10

4

5 5
6 6

7 
1 — 10

8 8

9 1 - 1 0
10 10

For the Type II errors (acceptance of impos ters), speakers 2 throug h 6

of the Mitre da ta set were used against the true speaker (No. 432). The

channe l conditions used were:

2 !
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Type ::
(No. 432) Enrolled wi th Impos te r Trials of 2 — 6 with

Channe l Condi tion I for Channe l Conditions

1 , 3, 7, 9

3 I , 3, 7, 9

7 1 , 3, 7, 9

9 1 , 3, 7, 9 -

D. Results

The results of the ~~perimen t are shown in Table 5. A spectral error

threshold of 200 was chosen and Type : and Type errors calculated. A

Type 1 error occurs when the spectral error for the true speake r is greater

than the threshold , and a T~pc error occurs when the impos tor spectral

error is less than or e; u J i  to the thrc~ ho ld . Because  of the l i mi t ed n a t u r e

of this expe r lef t , the re sults have vel’, l i t t l e  ~cari~ ng except in a ~u~~l i—

t a t i v e  sense. For -~~~~ I p ie , Tul le 5 Shoe-S that grea t d ill ic u l t ~ f- as encoun-

t e r e d  in rey i s t e r i n q  I c le r e n c e  p o i n t s  for the true ~pL- uLers f-uicn the execu-

t ion c-ia’ on a d ifterent channel conditi o n than the enrollment. In the ne xt

sect ion compensation - r thods w i l l  be discussed with f-~hi ch these phrases can

be reg istered .

22
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SECTION V

CHANNEL COMPE NSAT I ON TECHNIQUES

A variety of philosop hies can be emp l oyed to compensate for the channe l

coloration and noise introduced by a telep hone channel. These would include :

~~) Rep lacing the channe l with a twisted pair so as to elimina te the

degrad i ng effects of the channe l . Obv i ousl y, this would not be practica l in

al l cases , such as between distant  l ocations .

(2) Eliminating the channe l by sending a digita l si gna l over the tele-

phone line instead of the ana l og voice data . This would i nvolve plac i ng a

filter bank and preprocessor at each sending l ocation .

(3) Calibrating the channe l so as to wei ght various parts of the spec-

trum according to the amplitude distortion of the telephone line be i ng used.

This would involve some sort of si gna l genera tor at each sending location arid

an additiona l piece of equi pment at the receiving l ocation . An ultima te

loss of spectra l information would result due to the severe amp litude dis-

tortion ou tside of the approx imate spectra l range of 500 to 2700 Hz. Another

way to calibrate the channe l would be to use a channe l equalizer to flatten

the spectrum. This method usually results in a cons i derable amount of noise

being added to the channe l outside the frequency range of 500 to 2700 Hz.

(k) Normalizing the data and expanding the speech measures. This might

i nvolve normalizing the data with the noise energy during qu i escent period s

and also using a band—lim ited spectrum corresponding to the narrow band of

the telephone line for speaker process i ng. This would i nvo l ve a change in

the speech processing software at the receiving location . Expansion of the

speech measures m i ght include a channe l resistant speech measure such as

pitcn period. This would i nvo l ve a piece of hardware and some additiona l

software at the receiving location.

Most of the procedures mentioned would involve an additiona l piece of

equ ipment at the sending location. This may be good or bad , depend ing on

the particular application of the remote termina l speaker verification
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system and the ultima te cost of the piece of equipment. Some combination of

the above procedures may also be appropriate in some applications.

The method of compensation chosen in the present study was the latter

approach of normalizing the data , that of using a band— l imited spectrum for

time reg istration , and adding the pitch period for addit ional d iscr iminat ion

in the verification process. These measures allow the compensation to be

accomplished at the receiving l ocation and will  be amplified in the next

few sections .

A. Noise

According to the Bell Telephone Company survey of their telephone lines ,
2

two major types of noise can be expected ; circuit noise and Impu l se noise.

It is not felt tha t the impu l se noise problem is particularly severe to

spea ker ver i f icat ion for two reasons : (1) the spectrum is obta i ned from a

f i l t e r  bank samp led every 10 ms , each f i l t e r  being the average over a 10 ms

interva l of the time series. One or two impulses would have little effect

on the filter bank output. (2) A sequential decision stra tegy can be

emp l oyed for verification so tha t if the noise affects the verification on

one phrase , an additiona l phrase can be used.

The circuit noise is more bothersome and severa l techni ques can be used

to overcome its effects. First , through regression and normalization by the

standard deviation , the constant no i se can be eliminated and the effects of

wh i te noise can be reduced as shc*~,n in the speaker verification II report.3

The results of the preliminary eva l uation discussed in Section IV show that

the spectra l errors for both the true speaker and i mpostors increase with

increasing noise. Therefore , some method is needed to normalize the spectral

error for the noise level. One method would be to measure the energy in  the

input si gna l during times of silence by the speaker and use this in a

normalization scheme.

Another method of minimizing the effects of noise is to measure the

ene rgy in the inpu t si gna l during periods of silence and then filter it out

25
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of the signa l w i th  a Wiener filter. U n f o r t u n a t e l y ,  the lab speech system

does not allow processing the si gna l between the time it is sampled and

processed throug h the analog filte r bank. Therefore , this method was not

tried .

B. Time Reg istration

As can be seen by the preliminary evaluation , time reg istration of the

true speakers was a si gnificant prob l em , part ic~ilar l y on the cross—channe l

conditions. Since the flat lines with noise added seemed to g ive lit t l e

prob l em , it became appa rent that the amp litude distortion was preventing

time registration. Therefore , a band-limited spectrum was used. From

Fi gure 6 it can be seen that the amplitude of the 4A line is fairly flat

between 500 and 2750 Hz. Table I shows the frequency cha racteristics of the

16 analog filters. As mentioned earlier , the top three channels are averaged

and used for filte r 14. Therefore , the top fou r filters and the bottom two

filters were not used , leaving 10 filters covering the frequency range f rom

400 to 2620 Hz. New quantization limits were obtained , and the spectrum was

renorma lized. The preliminary eva l uation test was rerun for the difficu lt

time reg istration channe l conditions. All but one of the phrases that were

not previously reg istered were reg istered using the 10-channe l spectrum .

The results are shown in  Table 6, where the number of phrases not reg i s ter i ng

a sequence for the true speakers are shown using 14 filters and 10 filters.

The frequency range of 400 to 2620 Hz seems also to be appropriate for

actua l telephone lines . This was borne out in a very small survey using

Dan Daniel (a partici pant in the origina l BISS Phase I experiment) over

several telep hones in the labora tory where ins i de and outside lines were

used. All of his ph rases over these telephone lines were time-reg iste red

using the 10-channe l spectrum . This experiment w i l l  be discussed in greate r

deta il in Section VIII.B. That this method of compensating for the amplitude

distortion should also work rathe r well on a typ ica l te l ephone line can be

seen by looking at Table 3. In the range of frequencies from 400 to 2620 Hz

the mean distortion is less than 2.6 dB with a standard deviation of l.6 dB.
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C. Ver i f ication

The 10—channe l spectrum is used in forming the verification patterns in

addition to being used for time registration . Thus , a net loss of informa-

tion for verification is suffered when comparing w i t h  the 14 channels of

information available on a flat line . To bring the performance of the speake r

verification system over a telephone line up to that obtained on a flat line ,

an additiona l speech measure is needed for the verif ica tion . Severa l

authors ‘ ‘ have shown tha t p itch is relative l y insensitive to the bandpass

characteristics of a telephone channe l , althoug h it is more susceptible to

mimics than othe r measures , such as the spectrum . Therefore , a combination

of spectral error and p itch period error is used for the verification . A

descri ption of the p itch extraction method is discussed in Section V.0.

D. Pitch Extraction

The pitch is extracted only in certain segments of a phrase , i .e.,

between the marked vowels of each word in the phrase. The follow i ng steps

are used in extracting an optima l p i tch track :

(1) Ob tain p i tch period estimates at each time step, t~ . Pi tch

period estima tes are made every 10.05 ms (the samp ling interva l of the filter

bank) using the Cepstrum . A 201—po int (30. 15 ms) data block consisting of

the preceding, current , and next time f rames is used. The points of this

data block are obta i ned from an AID filter with a 6667 samp les/second sampling

rate. The data block is low-pass filtered and passed through a Haming win-

dow before a 256—point Cops trum is computed .

(2) Compute candidate p i tch period estimates at each time step, t..

A peak-finding al gorithm i5 used to find all of the peaks of sufficient

magn i tude of the Cepstrum between 52 and 202 Hz (4 .95 to 19.2 ms). In

particular , the maximum peak p lus all others grea ter than 0.25 X (maximum

peak) are considered. These peaks are the candidate p i tch period estima tes

at time t., along with an unvo i ced estimate.

(3) Ca lculate transition pena l ty for p i tch period from time step t~ _ 1
to t.. Each of the pitch-per iod estimates at t ime t. are assessed a
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transition pena l ty for the transition from each of the saved p itch—period

estimates at time step t 1 _ 1 . This transition pena l ty is based on the smooth-

ness of the pitch track and the magnitude of the Cepstra l peaks. The pena l ty

assessed to each pitch-period estima te from time step t~~ to t. is g iven by:

Trans i t ion
t. Pena l ty

Voiced Voiced 
1 +

NA Unvo i ced k1

2
1 +

Unvo i ced Vo i ced + kp 2

where = 200

k1 = 0.08

k2 = 0.1 9

= 0.0

~1~ = pitch-period estima te

p = Cepstral peak value

~ T = T . — T .
I i l

(4) Calcu late cumulative p itch—p eriod pena l ty up to time step t~ . As

the transition penalty is calculated for each pitch period estima te at time

t. with all of the saved pitch—period estima tes at time t~~ 1, it is added

to the cumulative error associated with the pitch—period estimates at time

t i_ I . The ei ght current pitch—period estimates with the lowest cumulative

pena l ty are saved at this time step. These new cumulative penalties are

saved with the pitch—period estimates at time t. along with back-pointers to

the estimates at time t~~ 1 which yielded the ’mi nimur n transition penalties .

(5) Choose the optima l pitch—period trajectory. When the cumulative

pena l ty has been ca l culated for the last time sample to be considered in the

phrase , the pitch—period trajectory with the lowest cumulative pena l ty is

chosen as the optima l trajectory.

(6) Quantize the optimal pitch—pe riod trajectory . The resulting

optima l pitch—period trajectory is then quantized to one of sixteen levels at
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each time point on the trajectory. The quantized pitch period trajectory is

then stored with the spectrum at tha t time point. The p itch period at each

time sample is treated as an auxiliary measure and is used for verification

exactl y as the spectrum. The use of the p i tch period in verification is des-

cribed in Section VI.C.2. The quantization l evels follow in Table 7.

TABLE 7. PITCH-PER I OD QUANTIZAT ION

Quantiza tion Leve l Pitch—Period Rang~ (ms)

0 � 6.0 (� 167 Hz)

I 6.0 < T ~~~ 6.45
2 6.45<T~~. 6.9

3 6.9 < T ~~ 7 .35
4 7.35 < T~~ 7.8

5 7.8 ~~~~~~ 8. 25
6 8.2 5 < T ~~ 8.7

7 8.7 < T~~ 9.15

8 9.l5 < i~~ 9.6

9 9.6 < T ~ 10. 05

10 10.05 < T ~ 10 .5
11 10.5 — r ~ 10.95

12 10.95 < T ~ 11 .4

13 11.4 < T ~ 11 .85
It. 1 1.85 < T ~ 12 .3

15 T > 12 .3 (< 50 Hz)
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S E C T I O N  VI

EXPER IMENT

A limited experiment was performed for purposes of comparing the per-

formance of the compensation techni ques over the ori g ina l and degraded
channels.

A. Data Set

The data set consisted of a subset of 16 speakers from the BISS Phase I

data set collected at Texas Instrumen ts. An enrollment session and fou r

execution sessions were selected for each speaker. The enrollment session

consisted of 20 phrases and each execution session contained four phrases .

The phrases were prompted from a random l y se l ected set of 32 phrases con-

ta i n i n g  four monosyllabic words. The words used in the BISS Phase I set are

g iven i n Table 8 with the allowable sequences shown by the arrows . Each

true speake r was used as a casual i mpos tor against the other 15 speakers .

B . Degraded Channe l Condition

The ana l og data set of 16 speakers was processed throug h the RADC

Di g ita l Communications Experiment Facility (DICEF) to impose a 4A line charac-

teri s~~ic to the data to simulate a telephone line. The DICEF facility i s  a

d i g i tal filtering system that can introduce amplitude distortion and time

delay cha racteristics are shown in Fi qures 6 and 7, respective l y. The sam-

pling frequency used in this experiment was 9200 samp les per second . It was

discovered af ter the data had been processed tha t it was not low—pass

f iltered at the half—samp le frequency to prevent a l iasing. This apparentl y

ca u sed some tim e reg is tration prob l ems which w i l l  be discussed in

Sec tion VII .A .

TABLE 8. WORD SET FOR VERIFICATION
UTTERANCE CONSTRUCT ION

Coo l ~ Birds—.Stopped -—--, West

Sm a l l ~~~~~~~~Bugs ,Sing sown

Huge .Tw i gs Sang Deep

Stra nge ~~~Toads—_—. .Stood .Wi ld
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Wh i te noise was added to the data  to s i m u l a t e  a 20 dB s i gnal— to—noise

r a t i o .  Less than one percent of the telephone lines have a si gnal— to-noise

ratio as low as 20 dB , according to the Bell Laboratory Survey. This was

considered a good test for the noise resistance of the speake r verification

strategy . The data processed throug h the 4A channe l with wh i te noise added to

simulate a 20 dB signal—to—noise ratio wil l  be referred to as the degraded

channel.

C. Enrollmen t

The enrollment of the speakers means that an average set of reference

scanning patterns and recognition patterns are obta i ned for each of the 16

words . There are 20 phrases of enrollment data selected so that each word

is repeated five times . Therefore , the average pa t tern for each word is

from five sepa rate patterns .

I. Scanning Patterns

The scanning patterns are defined by first manuall y c h o o s i n g  two

t ime—reg i s t r a t i o n  po in ts  for each word in the phrase. These reg i s t ra t ion

points were chosen to lie just before the vowe l and just after the vowe l in

a reg ion where the spectrum has the most change . When the two reg istration

points have been l ocated , a scanning pattern is defined at each of the points ,

as described in Section II.B.l and shown in Fi gure 1. Thus , each word has

two scanning patterns associated with it.

For this experiment , the reg istration points are chosen manuall y

for the first fou r ph rases of the enrollment. Preliminary scanning patterns

are then def i ned which are used to scan the remainder of the enrollment

phrases to mark the reg istration points. As each phrase is marked in order ,

a new scanning pattern for each word in the phrase is def i ned and averaged

wi th  the previous pa t terns for tha t word.

2. Pitch

Once the registration points have been marked , the pi tch per iod  is
extracted. Since the time reg istration for the words is chosen around the

vowels , most of the reg i on between the reg istration points should be vo i ced ,

32

L _ _ _ _ _ _  



depend i ng on the exact location of the reg istration points. The pitch period

was then extracted onl y between the two registration points for each word.

3. Recognition Patterns

The recogn ition patterns for each word were defined by choos i ng six

columns of the spectrum , plus pitch period , interpolated between the two

marked time—registration points for tha t word. Again , five patterns are

summed to obtain the reference recognition patterns for each word. These

recognition patterns wil l  be used to compu te a spectral and a pitch-period

error for verification purposes.

0. Execu tion

In the execution phase of the study , the input data is scanned by the

reference scanning patterns be l ong ing to the words in the phrase under con-

sideration . As described earlier in Section II .B , an optima l decision

strategy is used to choose a best set of ei ght reg istration points for each

phrase. With the registration points thus defined , the p i tch-period is

extracted for the points between the registration points of each word. The

pitch-period was then extended for five time samp les before the first reg is-

tration point of the word and five samp les beyond the last reg istration

point. This was to allow for some variance in the reg istration points when

using scanning patterns defined on various channe l conditions. The i nput

data was then formatted into recognition patterns and compared with the

reference patterns to form a spectra l and pitch—period error for each phrase.

E. Des ign

The enrollmen t for the experiment was performed on data from the ori g ina l

channel. The execution was performed for data from both the orig ina l and the

degraded channels. In addition , a test was run with registration on the

degraded channe l and execution on the origina l and the degraded channels to

de termine wh ich channe l condition should be used for enro l lment. Severa l

verifica tion errors were then ca l culated for each execution phrase .
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These were:

(1) Spectral error

(2) Pitch—per iod error

(3) Relat ive pitch—period error Erp E~ 
- E1,, 

where is the mean

value of the p itch—period over the phrase.

In addition , two wei ghted sum errors were ca l culated :

(4) E ÷ W E
5 p

(5) E5 + W ~~~ where W is a wei ghting constant.

The above error measures were used in severa l multi ple phrase strateg ies.

The definition of the one, two , three , and fou r phrase strateg ies is g iven in

Table 9. In this table , the E 1 
represents the error measure (this could be

any one of the five measures g iven above; examp le , spectral error) for the

first phrase of the fou r phrases of each execution session ; E2 is the same

error measure for the second phrase of the execution session; E3 
is the error

measure for the third phrase ; and E4 
is the error measure for the fourth phrase.

TABLE 9. MULT I PLE PHRASE STRATEGIE S

One phrase s t r a t e g y : = E 1
; E2 = E2 ; E3 

= E
3
; E4 = E4

— 
E 1 + E2 — 

E2 
+ E

3 — 
E
3 

+

Two phrase strategy : E 1 = 2 ; E2 = 2 
E~ = 2

— 
E4

+ E 1
= 2

— 
E l + E2 + E

3 — 
E
2 

+ E
3 

+ E4
Three phrase strategy : E 1 = ; E2 =

— 
E
3 

+ E4 + E 1 — 
E4 + E 1 + E2

E
3 = , E4 =

— 
E 1 + E2 + E

3 
+

Four phrase strategy:  E 1 = E2 = E
3 

= E4 =
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SECTION VII

R E S U L T S

The results of the limited-data test were very encourag ing. Us i ng a

four phrase strategy with a wei ghted sum error of the spectra l and relative

p itch-period errors , a one percent true speaker rejection rate and one per-

cent impos to r acceptance ra te  were obta i ned. All of the true speaker data

was able to be time— reg istered ; however , some of these were misreg istra tions.

The results w i l l  be discussed in more detail in the followin g sections.

A. T ime Reg istra tion

A l l  of the true—speake r da ta was able to be time-reg is tered. However ,

i t was determined that severa l of the phrases were reg istered at incorrect

loca tions. Out of 256 phrases of true—speake r data , fou r phrases were grossly

misreg is tered on at least one word and ten more phrases were jud ged to have
m i n o r  m i s r e g istrations . An example of a minor misreg istration is shown in

F i gure 8 for the word “s i n g ’ i n  the phrase  “huge toads sin g deep.” Good

reg is tration points for the word “sing ” would be at time points 179 and 192

which were ob ta i ned when the enrollment and e x e c u t i o n  were both on the

degraded channel. When the enrollment was on the ori g ina l ch ann e l  and the
execut ion on the degraded channe l , the reg istration points were at 172 and

192 . This was the fourth execution session of speake r No. 3. A possible

explana tion for the misreg istration can be seen by l ooking at the enrollment

of the word “s i ng ” for speaker No. 3 over the ori g inal and degraded channels.

Fi gure 9 shows the spectrum for the word “s i n g ” on the o r i g ina l channel. The

firs t reg is tration point for the word was chosen at time samp le 168. Notice

the lack of energy just before this reg istration point . Comparing this to

the registration over the degraded channe l shown in Fi gure  10 , it is appa ren t

that considerable energy is present in front of the reg istration point at

175. This energy has been added by the 4A line and is thought to be due to

the a l iasing tha t is present. As mentioned prev i ousl y ,  the DICEF facility

did not l ow—pass filter the data before sampling, which caused a l iasing to

occur . I t is not felt tha t the additiona l energy is due to the noise since
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Execution Reg istration of “Sing ”

Enroll — Original; Execute — Degraded

Enroll - Degraded ; Execute — Degraded

162 C , + .,“O u, ) (  $ “ )  201 L~ E 1 1 1 1 1 1  b I’
163 ( ,.00 : U” )($,) 233 EEE l i l l Y  55
164 C .00 +0: )(“$+) 2 8 S e E E E E  T T T T T T  60~
165 C 000+ :0 ) ( , $ ,)  201  E~ k 1111 47
166 ( “ :Q+ + 0: ) ( , $ “ )  33b E~~~tF HI T 43
167 C ,“.,U: +0 )(,$ “)  357 LEEE~- 1 1 T h  Sb*
166 ( ,.‘s- ”O o: )(°$:) 54S 1Et~ FEEE TIll 42
169 ( ,“++ °,:O’. )(,$:) 587*EELE~~E~ E
170 ( ~~~~~~~~ U ) ( , $ . )  3W6 tt~ EE TI 2b
17 1 ( “.u.,”ti. ) ( , $ :)  SSo ~~~EE L E~ TT T I  I I 63

~~‘ 172 C ,““ ,+::: ) ( ‘ ~$U) 658 EEE~~LE€EE I T I T T 1 I T T I  101
C#~~1 73 ( ,00.,+ ,$ )(0S$) 910*EEE EEEEEEE E~ EE T T T T T T T T T T I T 1  13~ *

174 C , ,  +00 0 )( $$) 942 EfEE I~EFEEE EEEE T T I T T I T T r 1  ili b
175 C .00,,:, )( $0) 788 EEE~ h~~E E E ~ 1 T T T T T T T  76
176 ( ,,,.0. 0: )(,$S) 88u*E~~E E L E U E E E E E  T I T I T T  t’ 1
177 ( ,,“ ,“Q:.+ ) C $‘) 459 ~.tE€ ~ t. T I T T T T T T T T  lot,
178 C , ,:, ,.+: ) ( , $ “ )  271 EL~~ I T T T T T T T T I 1 T T T T T T  175. *

( “ -. “ ,, =0” U )(0$,) 2OM €E E T T T I T T T T I T T i r T T T  i~~i
180 C :0” “U: s- ) ($3  • ) 201 E~~1 I ITT IT TI 1 1 1 1 1 1 1  151
181 ( :: ,, U0 ) (0$.) 3Q2 E~~~E~ ITT IT 1111 91
182 C U:, OS )(“S0) 65S*t~~E~~~~EEE T T T I T T T I T T I T T T  14,,*
183 ( +0. .3 ) (3 :0) 588 E ttEE E~ E T T T T T T I T I T T T I  112
184 ( 3: , “0 ~

‘ ) ( $ O . )  364 1t.~ EF T T T I I T T T T T T T  125

185 I ~0” 0  ,:: ) ($ O :)  355 E~~~E1~ 11 1 1 1  59
186 ( $0.. :0 )($$:) 3~ u EIEEE Ti 28
187 C 00:” ‘0. )($$Q) £4?7*L f~~ TI 2~
188 C 0000 +5 )(S$0) 415 ~~EE8~ IT T 30
189 C 0000 .0, )($$:) 34~ ~ t E~~E liii 4 1~
190 ( 3.0 ~~ )($$“) 170 i~ ITT 38
19 1 1 0 ” O  “ U” ) ($5,) 114 t~ 111 30

C 0” 0u 0~ ) ( $ $ ‘ )  149*~ E T T I T T T T  72
193 ( “3 “0,,:.” ) ( $ $ , )  7~~~~E T Y I T T T 1 T T T  lot ’

c...~~l94 ( “0 0$, U ” ) ( “ “ ,) 88*~ I T T T T I I T T T T T I T T  15t~*
195 ( :(j 

~~~~~~ ~~~ ) ( “ : ) 54 T I T T T I T T T  I T T  127
196 ( +0 “: 0+: ) ( $ 0 ,) 77*~ T T T T T T T T T T  1(ju
197 ( :~ .0 ::, )(0S,) Si T I T l I T  68
198 ( 00 ,0”OOU ) ($0”) 53 T T T T T T T I I T T T  1~~a
199 ( 0: “5 .00 )(“$.) 65 I T I 1 I T T I T T I I T I  ~~~
200 C : $$ ,+0 )( S.) 74*~ T I T T I T I  I I I T T T T T % T T T T T I  2~~3*
201 1 00:0+ 000 )($$“) 36 I T I T I T T T I T T T T T T T T  176
202 ( ,:00 U’ u ” )($S”) 33 T T T T T I T T T I T I T I  j u l
203 C 0,”:O $“U )(“S+) 43 T I T T T T T T T I  103
204 ( ,:U0”” 0+ )($$:) Sb T T T T T T T I T ~ 10~
205 C ““ ,00 TI ” )($$:) 69*E T T T T T I I T I T T  114*
?0#, ( .“:OU +0” ) ( : $ ,)  Sb I T T T T I I T  86

Fi gure 8. Time Reg istration of the Word “Sing ” on a Degraded Channe l
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Fi gure 9. Enrollment Time Reg istration of “Sinq ’ on Ori g ina l Channe l
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that seems to occur more or less uniform l y throughou t the word. It was

thought at first tha t the a li asing would not cause a problem since the verifi-

cation is done on the vowe l that is relative l y low frequency . However , the

registration points are placed at rap idl y chang ing points of the spectrum

and , in this case and several others , the registration is be tween eithe r a

fricative or stop consonant and the vowe l . The hi gh frequency content of

the fricative or stop causes the problem .

A l s o, in ana l yzing the results of the reg istration , it became apparen t

tha t the pitch-period could be used as a method of eliminating gross misreg is-

trations . To see this , consider that the reg istration points are chosen about

the vowels which are vo i ced . These registration points are chosen just before

and just after the vowe l so the pitch track may not be stable at the beg inning

and the end ; however , mos t of the interva l between the registration points

should be vo i ced . It has ‘een found tha t if little voicing is present in the

interva l , reg istration points are badl y placed and the pitch-period error

is usually very large. Therefore , by requiring that voicing occur over some

percentage of the interva l , such as 60~ , it can be assumed that the regis—

tration is probabl y correct. The voicing decision would be very easy to

calcu late at the time the p itch is being extracted .

B. V e r i f i c a t i o n

The f i r s t  resu lt of interes t is the determ ination of the channe l condition
to use for enrollment. Table 10 g ive s the results for the spectra l error and
the p itch—per iod error of enrolling on the ori g ina l channe l and executing on

both the orig ina l and degraded channels. Likewise , the results of enrolling

on the degraded channe l with execution on both the ori g ina l and degraded

channels are g iven . The results are given in the form of the equa l error

rate , wh i ch is the rate at wh i ch the true speaker rejection and i mpostor

acceptance are equal. As can be seen from the table , if execution is always

to be over the same line as the enrollment , then tha t line should be used for

enroll ment. However , if any cross-channe l conditions are to be encountered

(i .e., enrollme n t on one channel cond iti on and executi on over a d i fferent

channel), the results ind i cate the best overall performance is obta i ned by

enrolling on the origina l channel.

39

L • _ _ _ _ _



_ _ _

Hence , the enrollments on the remainde r of the experiment were performed

using the ori g inal channe l conditions. The results for the remainder of the

experiment also include the multiple phrase strateg ies discussed in Section

VI.E.

TABLE 10. EQUAL ERROR RATES FOR ENRO LLMENT ON
O R I G I N A L  AND DEGRADED CHANNELS

Attribute Enroll Execute Equa l Error Rate

Spectra l Error Espectra l Or i g ina l Or i g ina l 5.0
Ori gina l Degraded 6.4

Degraded O r i g ina l 6.8
Degraded Degraded 6.1

Pitch—Period E it h 
Ori gina l Ori g ina l 25.5

Error p c
Origina l Degraded 26.2

Degraded Ori g ina l 26.7

Degraded Degraded 25.2

The equa l error rate results for the spectra l error are shown in Table 11.

The 114-channel results g iven at the top of the table are taken from the Speaker

Verification II Report. 3 The 10—channe l results were obta i ned in the current

experiment. The differences in the results are not entirely due to the numbe r

of channels of spectral data used. The 1k—channe l results were obtained from

an experiment using the entire BISS Phase I data set and processing deve l oped

for the BISS sys tem . These are described in the Speake r Verification II

Repor t.3 The 10—channe l resul ts were obtained using a subset of the BISS

Phase I data set and processing described in Sections VI.A and V , respective l y,

of this report.

The decision function distribution using the spectra l error in a one—

phrase strategy i s  g iven in Fi gure  11 . The fi gure compares the dist ributions

obta i ned from executing over the ori g i n al channe l and the degraded channel.

Fi gure 12 shows the decision function distributions of the spectra l error

for a four—phrase strategy. A gain , the comparison is of the distr ibutions
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obta i ned from executing on the original channe l and on the degraded channel.

Note that the BISS specifications of one percent true speaker rejection and

two percen t impostor acceptance are not met with the spectra l error when

executing over a degraded channel.

TABLE 11 . E QUAL ERROR RATE FOR MULT I PHRASE STRATEGIES
U S I N G  THE SPECTRAL ERROR

Attribute Enrollment Execution # Phrases Equa l Error Ra te

Spectral Error Ori g ina l Ori g ina l 1 4.2

(14—channel) 2 1 .6

3 0.9

4 0.5

Spectra l Error Ori g ina l Ori g ina l 1 5.0

(10—channel) 2 1 .5

3 1.0
4 0.3

Spectral Error Ori g inal Degraded 1 6.4

(10—channel) 2 2.7

3 1.6

4 1.6

The equa l error rates for the p i tch-period error and the r e l a t i v e

p i tch—pe riod error are g iven in Table 12 . There are severa l i tems of particu-

lar i n t e r e s t  i n  this table. First , the performance for the p i tch—period error

on the origina l and degraded channels is approxima tely equivalent , as was

expected. However , this doesn ’t seem to hold true for the relative p itch-

period error. This was not due to any failing of the relative pitch-period

error , but because three of the sequences used were gross ly misregistered .

This caused a very large error to occur in the relative p i tch-period , but

not as severe an er ror  in  the pitch—period , The prob l ems of misreg istration

were covered in  the prev i ous section.
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TABLE 12. EQUA L ERROR RATE FOR MULT I PHRASE STRATEGIES US I NG
THE PITCH-PERIOD AND RELATIVE PITCH-PERIOD ERRORS

A ttribute Enrollment Execution # Phrases Equal Error Ra te

Pitch—Pe riod Ori gina l Ori gina l 1 25 .5

Error 2 20.8

3 19.2

4 17.2

Pitch—Period Ori g ina l Deg raded I 26.2

E r r o r  2 22 .0

3 19. 1

4 18 .4

Relative Pi tch— Or i g ina l Ori g ina l 1 18.9

Period Error 2 13.4

3 9.2

4 6. 1

Relative Pi tch- Or i gina l Degraded I 19 .3

Period Error 2 14.9

3 15 .5

4 13.8

A second item of interes t in the table is that the relative p i tch—period

er ro r  gave bet ter o v e r a l l  pe r fo rmance  than d i d  the p i tch—period error . This

is because the relative p i tch-period error approx i ma tes the performance of

the p itch-period slope . Doddington
4 found tha t be tt er performance is  ob ta i ned

w i th the p i tch-period slope than with the pitch-period .

A third i tem of interes t also relates to the results of Doddington .
4

In the experiments usin g p i tch-period slope , he achieved an equal error rate

of six percent on a one-phrase strategy as opposed to the 19- - ob tained here.

The various reasons for this are discussed below.

(a) In his experiments , Dodding ton adapted the speake r ’s p i tch-

period slope over as many as ten sessions with two-day lapses between
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sessions. In the experiment conducted here , the enrollment on the p i tch—

period was accomplished in  one sess ion . The p i tch-period can vary from

e n r o l l m e n t to execution as shown in Fi gure 13, where a plot of the ave rage

pitch-period for severa l words is plotted versus the occurrence of the word.

The first five occurrences were during enrollment and the p i tch—periods are

relative l y stable for the two speakers. However , in the next four occurrences

of the word , wh i ch we re during the execution sessions , a considerable varia-

tion in the pitch per i od is observed . T h i s  variation was probabl y due to

“mike fri ght” and would dissi pa te as the speake r becanie familiar wi th the

system . This variation problem can be overcome with an adaptation of the

p i tch—period over severa l sessions .

(b) The phrase used in Doddin g ton ’s experi ment was a sing le  phrase ,

“We were away a year ago”; whereas , the phrases used here are a random assort-

men t of fou r monosy llabic words . The p i tch-period obtained for any one word

in the phrase mi ght change dependin g on the two words i mmediate l y p r e c e d i n g

and foHowing . The enrollment sessions did not allow all of the transitions

of the words to occur . This proble m can also be overcome with adaptation

of the speake r ’s p itch pe r iod .

(c) The phrases used in the current experiment were prompted . This

could have an adverse effect on performance in that some oi the speakers

mi ght change their manner of speaking to accommodate the prompting. Adapt-

i n g  the speake r ’s p i tch—period would also tend to all eviate this problem.

The decision function dis t r i b u t i o n s  u sinc t the p itch-period error in a

four—phrase strategy are p lotted in Fi gure 14, and the decision function

distributions usi ng the relative p itch—period error in one and four—p hrase

strateg ies are g iven in Figure 15 and 16 , respective l y. In all  three fi gures ,

the distributions are compared for execution over the ori g ina l and degraded

channe l conditions.

Two wei ghted sum errors were then ca l culated for various values of a

wei ghting constant W. These wei ghted sum errors were the spectral error
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plus the pi tch—period error

E = E  + W E
sp 5 p

and the spectral error plus the relative pitch-period error

E = E  + W Es rp  5 rp

A typ ica l curve of the equal erro r rate , EER , versus the wei gh t i n g
constant W is shown in Fi gure 17 for the particular case of the spectra l

error plus the relative pitch—period error Es rp  wi th the enrollment on the

o r i g ina l channe l , execu tion on a degraded channe l , and v a r i o u s  m u l t i ph rase

strateg i es. Notice that the optimum weig hting which is the minimum of

the curves , varies considerab l y from one strategy to another . This randomness

of the optimum wei ghting constant for the various strateg ies is probab l y
due to the limited data set used in the experiment.

Table 13 shows the equal error rate for the two wei gh ted sum errors

E and E . The equal error rates shown we re obtained by using thesp s r p
optima l wei ghting constant for each of the m u l t i p h r a s e  s t ra teg ies. As

can be seen , the comb i nation of the spectral error with the relative p i tch-

period erro r gave better results than did the spectra l error with the p i tch—

period erro r. Also , the performance  of the wei ghted sum errors was worse on

the degraded channe l than on the ori g ina l channe l . Par t of this degradation

in performance was due to the misreg is tration of the phrases as mentioned

ear l  ier.

The decision function d istributions usin g the spectral error plus the

relative p itch—period error with a wei ghting of w = 0.95 in a four—p hrase

strategy is shown in Fi gure 18. A comparison is shown of the distributions

for execution with the degraded and the ori gna l channe l conditions. By

choosing a decision threshold D~ which is such tha t 215 < D
T 

< 220 , i t can

be seen tha t a performance of better than a one percent t rue speake r rejec-

tion and a one percent impos tor acceptance is obta i ned for execution on both
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the orig ina l and degraded channels. Thus it has been shcMn that for the

limited experiment conducted here , the BISS specifications of one percent

true speaker rejection and two percent impostor acceptance were met.

TABLE 13. EQUA L ERROR RATE FOR MULT IPHRASE STRATEGIES
U S I N G  WE IGHTED SliM ERRORS

Equa l Error
Attribute Enrollment Execution # Phrases Rate We ighting (W)

Spectra l + W Or i g ina l Origina l 1 4.7 0.35

(Pitch—Period 2 1.3 0.55

Error): E~~ 3 1.0 0.0
4 0.2 0.05

S p e c t r al + W Origina l Degraded 1 6.0 0.65

(Pitch—Period 2 2.4 0.4

Error): E5~ 3 1. 5 0. 1
4 1.6 0.65

Spe c t r a l  + W Origina l Origina l 1 3.9 0.5
(Relative 2 1.0 0.8

Pitch—Period 3 0.5 1 .8

Error ) :  E 4 0.0 0,25
s r p

Spectral + ~ Origina l Degraded 1 5.8 0.95
(Relative 2 2.4 0.2

Pitch-Period 3 1.4 0,1

Error): Esrp 
1~ 0.6 0 .95
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S E C T I O N  VIII
SUMMARY

A study was conducted to develop a speake r ve r i f i ca t i on  sys tem for use

over degraded comunication channels. A test of the current speake r verifica-

tion technology was performed on a degraded channe l and compensation tech-

ni ques were then developed , i .e., a band-limited spectrum for time reg istra-

tion and the addition of the pitch-period error to the spectra l error for

spea ker d iscr iminat ion.  This conf iguration was tested w i th  a l imi ted data
set , and the BISS speci f icat ions of one percent true speaker re ject ion and
two percent impostor acceptance were met w i t h  a four-phrase s t ra tegy  employ-

ing the spectra l error , plus the relative pitch—per iod error.

A. Conclusions

It appears tna t an operationa l remote term i na l speake r verification sys-

tem utilizing a telephone line for a conlllunication channel will meet the BISS

specifications of one percent true speaker rejection and two percent impos tor

acceptance . This system would employ the channe l compensation techn iques

developed in this study along with the following modifications.

(1) Implementation of a vo ic ing requ i rement such that some percentage
of the interva l between the time reg istration points of each word must be

voiced , e.g., 60% of the interva l must be voiced or it is assumed that the

word is misreg istered . Had this voicing requ i rement been used in the present

limited experiment , severa l misreg istered phrases would have been rejected

and the ultima te performance of the four—p hrase strategy using the spectra l

error plus the relative p i tch—period error would have resulted in the com-

plete sepa ration of the true speaker and impos tor errors.

(2) Adaptation of the relative p i tch—per iod over severa l sessions

beyond the enrollment before t is w e i g hted very heavily with the spectra l

error. The need for this adaptation is seen in Fi gure 1 3 where the average
p i tch—period for two words from each of two speakers is plotted against  the
occurrences of the words. The f i r s t  five occurrences of each word are during
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the enrollment session and a consistent p i tch-period is observed for each

wo rd. However , during the next fou r occurrences , which are the execution

sessions , a wide variance of pitch periods is observed . Averag ing the pitch—

period over the execution sessions , as well as over the enrollment , would

result in a much better refe rence p i tc h-period for each word. This would
then lead to much improved performance of the wei ghted sum error for speake r
discrimination.

(3) Normalization of the spectra l error by the noise energy f rom

reg ions of the spectrum in which the speaker i s  silent. This would tend to

stabilize the spectra l error from the ori g ina l to the degraded channe l and

would make it easier to pick a decision threshold.

It can be seen from Figure 18 that a decision threshold D
T 

which is

such that 215 < D.~. < 220, results in one percent true speaker rejection and

one percent impos tor acceptance for execution over both ori g inal and degraded

channe l conditions. This performance was achieved using a four—p hrase

stra tegy with the spectra l error p lus the relative p itch—period error. The

problem of choosing a decision threshold was not addressed to any great

extent , however , because of the limited data set used in the experiment. To

set the decision thresholds for an operationa l sys tem requ i res a large r

experiment.

B. Telephone Experiment

To obtain a prelimina ry evaluation over an actua l telephone , Dan Daniel

of Texas Instruments (a participant in the origina l BISS Phase I experiment)

was asked to enroll over a telephone in the laboratory and to use four

different office telephones in the laboratory for execution sessions. Ei ght

phrases of execution were performed in each of the fou r offices by dialing an

inside line (Centrex) and also by dialing an outs i de line (dial 559n )~ In

one of the off ic es , he was also asked to call the Texas Instruments p lant

at Aust in , Texas , and have them patch him back to the data phone in the lab.
He also performed an execut ion session in  the sound booth as a reference ,

since his orig ina l da ta was collected in the sound booth. The results of the
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ei ght phrases of execution were averaged and the results are aiven in Table
14 showing the average spectra l and pitch-period errors. The var iat ions in
the performance between the inside lines and the outside l ines is due to the
different switching equ i pment being used for the two l ines . The var ia t ions
observed from office to office using only the inside line or the outside

line , howeve r , were due to the variations in the telephone headset micro-

phones. This is true because all of the offices are connected to the same

telephone line through a ‘5 rotary” system. Thus , if an inside line is called

from office I and 2, the same line and sw i tching network are being used , but

the headset is different.

A very encourag ing aspect of this limited experiment was that all of the

execution phrases were correctl y time-registered .

C. Recommendations for Future Work

To verif y the performance of the remote term i na l speaker verification

system developed in this study , a larger simulated telephone experiment should

be conducted using the 4A line with a 20 dB signal -to-noise ratio. The

system to be tested would include the modifications discussed in Section

VIII.A , along with the channe l compensation techni ques developed in  t h i s
study. Before this experiment can be conducted , however , the following two

preliminary tasks must be completed .

(1) A method of automatical l y enrolling the speakers on the system

must be developed .

(2) A rea l time pitch tracker must be imp l emented. An array processor

wi l l  be installed on the labora tory system in mid year 1977 which will  allow

this task to be accomp lish ed.

In add ition to an evaluation of the performance of the speaker verifica-

tion system , the simulated telephone experiment should provide a set of

decision thresholds and a verification strategy.
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Upon the comp letion and eva l uation of the simula ted telephone experi-

ment , anothe r experiment should be conducted over actual telephone 1 ines.

This would be a two—fold experiment. The first phase would consist of a

limited scale experiment to study the headset microphone problem. This

experiment would be conducted usin g various telep hones wi th both the existing

microphones and with these microphones rep laced by hi gh quality microphones.

Depending on the outcome of this limited experiment , a large scale expe riment

would be conducted over the telephone channels wi th either the existin g or

h i gh quality microphones .
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APPENDIX

COMPARISON OF BISS AND REMOTE TERM I NAL SPEAKER VERIFICATION SYSTEM PROCESSING

The differences between the BISS automatic speaker verificat ion system

and the remote terminal speake r verification system are presented in th is

appendix.

A. Preprocessing

1 . Filte r Bank Def inition

BISS (Dig ital ) Remote Term i na l (Ana l og)

Channel Center Freq . Bandwidth Channel Center Freq. Bandwidth
No. (Hz) (Hz) No. (Hz) (Hz)

355 220 1 350 300

2 530 220 2 450 300

3 705 220 3 555 310

14 880 220 14 670 340

5 1055 220 5 790 380

6 1230 220 6 9140 1100

7 11405 220 7 1120 1100

8 1580 220 8 1320 1100

9 1755 220 9 1550 1140

10 1930 220 10 1810 1100

11 2105 220 1 1 2100 1100

12 2280 220 12 2420 1400

13 21455 220 13 2800 1100

14 2630 220 14 3200 1400

15 2805 220 15 3800 800

16 2980 220 16 5000 1600

2. Regression

BISS Remote Terminal

2 
— — 

2
(A .) = A . - L C . P (A .) = A . - C. F
j R 

~ k-~J kj k j R 
~ k-CO jk k
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B ISS Remote  Term ina l

whe re 
~~~ 

are discr etized , where 
~l k

legendre pol ynomials.

F
k

_ 
. k = O , 1 , 2

f k
14’

=

= -sin J 11
]

= -cos [L2 1/2)TT
]

i = l  14

3. Normalization

8155 Remote Term i na l

— (Ai R — (A .)
(A. 

~N 
= 

~ 

14 

(A~ 
~N 

J R

where ~i . = ~ (a..) where o~ = + max (-: ) :
-~ i= l IJ R 

~ Pos t
s 

8 POS tn

is the average va l ue. n = j  - 8, . . . , j  + 8

14 2
= l f l ’  a

2 
- 

~~
‘ c

2
)

~05 ~ Ti m=l mj 
k=O •j k

is the standard deviation .
By iorma l izi ng by the standard devia tion rather than the mean , the resistan ce
to noise has been increased by approximate l y 10 dB. 3

14. Quantization

The method of quant izat ion for the BISS and remote te rm i na l systems
is the same . The regressed and norma l ized vectors are quantized to one of
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ei ght levels with the quantization threshold being computed to provide a

uniform first—order distribution , i.e.:

Pr[ (a
1J )N ~~~~ i ,q ’ 

~~i ,q+ i~~~ 
= for all q.

B . Process ing

I . Scanning Pattern Definition

Remote Termina l

The scanning patterns are The scanning patterns are formed

formed from the spectrum ; the from the scanning spectrum : the

scanning pa t tern at time , t~~ scanning pattern formed at time , t.,

consisting of six vectors of consis ting of (a) the average of

spectral data: spectral data at times , t . 1  and

(A~_5~ A~~3~ 
A . 1 ,  A .÷1, t .2 ; (b) the average of ~pectra1

data at times , t .  and t. ; and
A. , A. ) . il-iJ+3 _J +5 (c) the difference (b) - (a).

2 . Verification Pattern Definition

8155 Remote Term i na l

The verification pa t tern s The verification pattern is six

jus t the scanning pattern. The columns of spectral data which is

scanning error is used as the interpolated between two time reg is-

ver h ication error . This can tration points. This is equivalent

he thought of as a zeroeth to a firs t order t i m e  warp ing in

order ti n e warp ing to account that it hel ps account for changes

for ti - -~ alignment , in the length of words i n  addition

to time ali gnment.

3. Dec~s ion Function

L E.
k= l i = l

U

N N 14 , ,
min[ma x ( ~ E. , 4NE ), 14NE I

— l ik m m max
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where E
ik is the Scanning error , E ik is the expected scannin g error ,

E . =100, and E = 140.m m  max

Remote Term i na l

d
N = E where E is the squared error between the reference and inpu t

verifi cation patterns .

A deci sion strategy was not developed for the remote term i na l stud y due to thelimi ted experimen t whi ch was conducted.
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MF~RIC SYSTEM

BASE UNITS:
Quantity ~ SI symbol Formula 

-

length metre m - - -
mass k i logram kg -- -time second $
electric current ampere A
t hermodynamic temperature kelv in K
amount of substance mo le molluminous intensity candela cd --

SUPPLEMENTARY UNITS:
plane angle radian redsolid angle steradian sr

DERIVED UNITS:
Acce leration metre per second squared - - . rn/s
activity (of a radioactive source l disintegration per second (d is integ ration j/.
angu lar acceleration radian per second squared radla
angu lar velocity radian per second radis
area square metre - . .  m
density kilogram per cubic metre - -  - kgim
electric capacitance farad F A.a/V
electrical conductance aiemens S A/V
e lectric field strength volt per metre - -  - V/rn
electric inducta m;e henry II V.a/A
elec tric potentia l difference volt V W/A
electric resistance ohm V/A
electromotive force volt V WIA
ene. joule J N.m
entropy ~ou le per ke lv in .. J/Kforce newton N kg.m/s
frequency hertz liz (cyc le~/s
illuminance lux lx Irnirn
luminance candela per square metre - cd/rn
luminous f lux lumen Irn cd.sr
magnetic fie ld strength ampere per metre A/rn
magnetic flux weber Wb V..
magnetic flux density tes la I Wblm
magnetomot ive force ampere A -- -
power w att W J/spressure pasca l Pa N/rn
quantity of electricity co ulom b C A’squantity of heat jo ule I N.m
radiant intensity watt per s terad ian - -  W/sr
specific heat j ou le per kilogram-ke lvin J/kg•K
stress pascal Pa N/rn
th ermal condu ctivity watt p..r mel re.kr lv ,n - W/m.K
v,

~
I (, I ,tv metr e per sec ,,nd - rn/s

v i s c osity, dynami c pas ,.al-se cond Pa.s
vis c osity, kinematic squar e metre per seco nd . .  rn/s
voltage volt V W/A
volume cubi c m etre m
wav enumber rec iproca l metr e (wave )/m
wor k j o ule I N.m

St PREFIXES:

Multi p lu ai io n Factors I’reflx SI ~ymhol

1 00(1 0(11, (mlii) 1)0(1 = it)’’ ti ,ra
1 000 000 000 = 1(1’ giga

1 (10(1 000 = to” mega M
I 00(1 = ‘.0’ ki lo k

100 — 11, 2 hecto~ h
10= 10 deke’ da

0 1 = i t t —  cjp cl ’  d
0 0 1  1 0 ’  ,mmti ’
0001 = I 0’  m i I lm rr

1) 11(1(1 0(11 i t )— micm
0.000 ~m00 001 = 1 0’  ,,

~~,,
. n

0.000 (10’) (fliO 00 1 11/ — ‘‘ po o p
(1.000 001) 00)) 0(10 001 — 1 ,  ‘ ft’m I,,

0 00(J 000 90~J f l f~~l q , 4 , m / O Q 1  l / ’ ~~ ’ al t , , a
1~i )~

, - uc j , ’ / ~‘.-hprn j ’e,,b)~-
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MISSION
qf 

(

Rmne Air Development Center

RADC plans and conducts research, exploratory and advanced
development programs in command , control , and communications
(C3) activities, and in the C3 areas of informatio,q sciences
and intelligence. The principal technical mission areas
are communications , electromagnetic guidance and control ,
surveillance of ground and aerospace objects, inte 7lige.nce
data collection and handling, information system technology,
ionospheric propagation , solid state sciences, microwave

• physics and electronic reliability , maintainabilitt and
compatibility.
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